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Centromeres are chromosomal elements that are both necessary and sufficient for chromosome 
segregation. However, the puzzlingly broad range in centromere complexity, from simple “point” 
centromeres to multi-megabase arrays of DNA satellites, has defied explanation. We posit that 
ancestral centromeres were epigenetically defined and that point centromeres, such as those of 
budding yeast, have derived from the partitioning elements of selfish plasmids. We further propose 
that the larger centromere sizes in plants and animals and the rapid evolution of their centromeric 
proteins is the result of an intense battle for evolutionary dominance due to the asymmetric reten-
tion of only one product of female meiosis.The Extraordinary Diversity of Centromeres
Some of the earliest cytological investigations of the eukaryotic 
cell had revealed that each chromosome in the nucleus had a 
single region called the centromere that is required for faithful 
segregation of chromosomes during cell division (Flemming, 
1882). The centromere is acted upon by the mitotic spindle, a 
fibrous network of microtubules that pulls sister chromosomes 
to opposite poles when cells divide. Thus, the role of centrom-
eres in chromosome segregation has been recognized since 
close to the inception of cell biology. All eukaryotes require 
this centromeric function, yet they display remarkably different 
means of accomplishing this essential biological feat (Amor et 
al., 2004b).
The simplest “point” centromeres are only ~125 bp and are 
found in budding yeasts such as Saccharomyces cerevisiae. 
Point centromeres are capable of genetically conferring cen-
tromeric function on any DNA segment into which they are 
transferred. In contrast, centromeres in most other organisms 
appear to be determined in an epigenetic fashion, independent 
of DNA sequence. Even epigenetically defined centromeres 
display an enormous range in size and complexity, from just a 
few kilobases in fungi such as Schizosaccharomyces pombe 
and Candida albicans, to hundreds of kilobases in most plants 
and animals. Finally, several lineages of eukaryotes, including 
nematodes such as Caenorhabditis elegans, have indepen-
dently arrived at holocentric configurations in which centro-
meric determinants are distributed throughout the length of 
the chromosomes.
Why is there such a large diversity of centromere configu-
rations? What has prevented the adoption and maintenance 
of an optimized centromere configuration? We view this prob-
lem from the perspective of evolutionary transitions, arguing 
that rather than representing a continuum of different states 
of complexity, most centromeres can be described as result-
ing from a series of discrete evolutionary transitions. Some of the evolutionary forces that have driven these transitions can 
still be detected in extant organisms. For others, patterns of 
evolutionary conservation allow us to speculate as to what the 
driving forces might have been to arrive at the centromere con-
figurations that we observe today. Each of these evolutionary 
transitions provides unique advantages and disadvantages to 
the organism. They also belie the expectation of general fea-
tures among different centromeres and provide a rationale for 
why some unique features are observed in certain systems.
Simple Systems of Chromosome Segregation
The temporal separation of the processes of DNA replication 
and cell division in eukaryotes has dictated the need for chro-
mosome segregation to be well coordinated to ensure that 
genetic information is faithfully segregated to daughter cells 
during cell division. This coordination process is modulated by 
centromeres in eukaryotes, but it was not always appreciated 
that in bacteria, such coordinated segregation mechanisms 
existed or were even necessary. However, it seems likely that 
the evolutionary origins of chromosome segregation lie in bac-
terial partitioning systems that are responsible for the stable 
segregation of plasmids and bacterial chromosomes.
Faithful segregation of plasmid DNA in bacteria results from 
a series of events that are driven by plasmid-specific compo-
nents (Ebersbach and Gerdes, 2005). Exemplified by the R1 
plasmid from the bacterium Escherichia coli (Figure 1), these 
components include the parR protein, which binds a cis-act-
ing parC sequence. In different bacterial plasmids, parC can 
range in complexity from <100 bp to >1 kb, often consisting 
of many permutations of parR-bound repeat elements (Hayes 
and Barilla, 2006). A third component encoded by the R1 plas-
mid and other autonomously segregating plasmids is the parM 
protein, which is homologous to actin in eukaryotes. The parM 
protein oligomerizes to form filamentous structures that drive 
the alignment and segregation of chromosomes (Figure 1). Cell 138, September 18, 2009 ©2009 Elsevier Inc. 1067
Indeed, it has been shown that by binding one end of parM 
filaments and modulating parM dynamic instability, the parR/
parC components can establish a bipolar spindle and use parM 
polymerization to drive high-fidelity chromosome segregation 
(Garner et al., 2007). It is worth noting the simplicity of the bac-
terial plasmid segregation system in being entirely encoded 
by the plasmid and thus completely independent of any host 
proteins, thereby allowing plasmid segregation to occur even 
when no host chromosome segregation mechanisms exist.
Bacterial chromosomes use an actin-based segregation 
mechanism as well. For example, in the bacterium Caulobacter 
crescentus, trans-acting proteins bind cis-acting DNA seg-
ments near origins of replication (oriC) and directly or indirectly 
recruit MreB (a bacterial actin homolog like parM), which in 
turn is captured at the poles of the cell (Bowman et al., 2008; 
Ebersbach et al., 2008). Thus, a basic strategy for chromo-
some segregation appears to have been in place before the 
origin of eukaryotes: a single cis-acting sequence coordinates 
the assembly of proteins that then serve to recruit cytoskeletal 
components to mediate chromosome segregation. Although 
these chromosome segregation systems are functionally anal-
ogous to centromere-based systems in eukaryotes, it seems 
unlikely that they are homologous. Any scenario that invokes 
a direct evolutionary ancestral relationship between bacterial 
DNA-partitioning systems and eukaryotic centromeres (Vil-
lasante et al., 2007) will have to accommodate fundamental 
biochemical differences between bacteria and eukaryotes, 
including the use of microtubules in eukaryotes instead of 
actin-like filaments as in bacteria despite their shared property 
of dynamic instability (Garner et al., 2007).
The details of chromosome segregation in Archaea (Lun-
dgren and Bernander, 2005) are less clear than in Bacteria. 
However, the cell cycles of some Archaea (for example, Sul-
folobus species) are orchestrated more along the lines of cell 
cycles in Eukarya, with distinct phases 
of DNA replication, condensation, and 
segregation. This similarity is surprising 
because Sulfolobus species are unusual 
among Archaea in that they lack his-
tones (Malik and Henikoff, 2003b). Other 
Archaea such as Methanococcus thermautotrophicus possess 
histones, yet their chromosome segregation is concomitant 
with DNA replication, similar to the bacterial partitioning sys-
tem. It is tempting to suggest that the evolutionary origins of 
eukaryotic centromeres may lie in Archaea, given the presence 
of histones and similarities of the cell cycle. Yet, neither the Sul-
folobus system nor the Methanococcus system appropriately 
fits the expectations of a eukaryotic centromere-like ancestor. 
Thus, it is premature to speculate whether an evolutionary tran-
sition occurred from a partitioning-like to a more centromere-
like chromosome segregation system within Archaea, although 
greater insight into this issue is to be expected from the study 
of chromosome segregation in diverse archaeal lineages.
Transition to Eukaryotes: Epigenetic Centromeres
A major evolutionary transition between simple partitioning sys-
tems and centromeres was not obvious until long after the first 
eukaryotic centromeres had already been described. The abil-
ity to select for the centromeric properties of circular plasmids 
first led to the delineation of centromeric (CEN) sequences in 
the budding yeast Saccharomyces cerevisiae (Clarke and Car-
bon, 1980). As it turned out, budding yeast centromeres are 
exceptional both in terms of their ability to be defined primarily 
by genetic means (similar to partitioning plasmids in bacteria) 
and in terms of their compact size. The discovery that cen-
tromeres in plants and animals, including human, comprise 
highly homogeneous repetitive arrays of DNA satellites (Wil-
lard, 1990) at first suggested that these centromeres contain 
a large array of binding sites for hypothetical centromeric pro-
teins and were potentially a multimeric form of the simple S. 
cerevisiae centromere. These observations raised the prom-
ising prospect of identifying a genetic basis for chromosome 
segregation in all eukaryotes. However, this expectation was 
tempered by the dramatic lack of homology between centro-
Figure 1. Plasmid Segregation in Bacteria
Bacteria have a simple segregation scheme for 
plasmid partitioning during cell division (Garner et 
al., 2007). The 3-component partitioning system 
of the R1 plasmid from the bacterium Escherichia 
coli consists of a cis-acting DNA sequence called 
parC that is bound by the trans-acting protein 
ParR. The force for the segregation of these plas-
mids is provided by the actin homolog ParM. ParM 
forms a filament that is dynamically unstable, simi-
lar to the eukaryotic microtubule spindle. However, 
upon binding of the parC/ParR complex, the ParM 
filament is protected from further shortening. The 
binding of a parC/ParR complex at each end of 
the ParM filament establishes a bipolar spindle. 
Extension of this filament via the addition of new 
ParM monomers allows the spindle to elongate, 
propelling the plasmids to either end of the divid-
ing cell to achieve chromosome segregation.1068 Cell 138, September 18, 2009 ©2009 Elsevier Inc.
meric DNA sequences from different organisms. Furthermore, 
whereas megabase-sized alphoid satellite arrays are found at 
centromeres in most multicellular eukaryotes, there are promi-
nent exceptions. For example, centromeres in the fly Droso-
phila melanogaster consist of several different pentameric and 
other short repeat units (Sun et al., 2003), whereas otherwise 
ordinary centromeres of rice almost entirely lack DNA satellites 
(Nagaki et al., 2004).
It is now generally accepted that for the bulk of eukaryotes, 
centromeres are maintained epigenetically and not genetically. 
For example, it has been reported for the fission yeast Schizo-
saccharomyces pombe (Steiner and Clarke, 1994), flies (Agudo 
et al., 2000), and humans (Higgins et al., 2005) that the same 
DNA sequence could be either centromeric or not depending 
on whether it had functioned as a centromere in previous cell 
cycles. The most compelling evidence in favor of an epige-
netic basis for centromere inheritance comes from studies of 
human neocentromeres, in which a previously noncentromeric 
chromosomal fragment is retained owing to the acquisition in 
the fragment of a functional centromere (Marshall et al., 2008). 
Such neocentromeres typically arise in euchromatic regions 
that are otherwise unremarkable with respect to sequence 
composition and yet are faithfully transmitted in mitosis and 
even in meiosis (Amor et al., 2004a; Tyler-Smith et al., 1999). 
Although most human neocentromeres are pathological chro-
mosome aberrations that are evolutionarily rare and transient, 
it has become apparent that on occasion, the shift of a cen-
tromere to a new position becomes fixed, resulting in a per-
manent karyotypic change (Cardone et al., 2007). In the pri-
mate lineage, newly evolved centromeres are notably deficient 
in genes, suggesting that centromere function is incompatible 
with gene activity (Lomiento et al., 2008).
We can speculate as to what selective forces might have 
caused the transition from genetic to epigenetic centromeres. 
One clue comes from what we have already described regard-
ing the chromosome segregation system in bacteria. Bacterial 
plasmids such as R1 harbor their own segregation machinery. 
Hijacking the cis-acting sequences that provide equal parti-
tioning from bacterial chromosomes (and possibly from plas-
mids in budding yeasts, discussed later) would be a facile way 
for selfish plasmids to subvert the host segregation appara-
tus to facilitate their own segregation. However, in the case 
of epigenetically defined centromeres, there is no cis-acting 
sequence that would benefit a parasitic element (Dawe and 
Henikoff, 2006). Selfish elements might passively exploit epige-
netic centromeres by, for example, inserting within pericentric 
regions where recombination is low or nonexistent. However, 
this hijacking would require more sophisticated mechanisms 
that are harder to maintain.
What Marks Centromeres?
In the absence of a cis-acting sequence that defines centrom-
eres (like the parC sequence in the R1 plasmid), what marks 
epigenetic centromeres? One obvious difference between the 
bacterial partitioning system and eukaryotic chromosome seg-
regation is the presence of histones (descended from archaeal 
histones) that wrap DNA into nucleosome particles to form 
chromatin (Malik and Henikoff, 2003b; Sandman and Reeve, 2006). Chromatin not only imposed challenges but also afforded 
opportunities for eukaryotic genomes to evolve a coordinated 
chromosome segregation strategy that could accommodate 
the uncoupling of DNA replication and chromosome segrega-
tion. One innovation that becomes apparent when comparing 
centromeric proteins from diverse eukaryotic lineages is the 
presence of a dedicated centromeric histone (CenH3; CENP-A 
in mammals) that is ubiquitously and constitutively found at 
nearly all eukaryotic centromeres, with the notable exception 
of the parasitic trypanosome protozoa (Talbert et al., 2008). The 
presence of a variant histone and a highly specialized chroma-
tin structure at centromeres is a potential explanation for their 
unique characteristics and stable propagation. The misincor-
poration of CenH3 in noncentromeric regions is sufficient to 
cause chromosome mis-segregation in Drosophila (Heun et 
al., 2006; Moreno-Moreno et al., 2006) and in budding yeast 
(Collins et al., 2007). These observations suggest that CenH3 
is both necessary and sufficient for the formation of the kine-
tochore, the protein-based structure essential for microtubule 
attachment during chromosome segregation that assembles 
on centromeres. Thus, this protein can be regarded as the epi-
genetic “mark” of the centromere (Allshire and Karpen, 2008).
It is important to note that the sufficiency of CenH3 for cen-
tromere formation might not be completely general—similar 
“misincorporation” experiments using human CENP-A failed to 
induce neocentromere formation (Van Hooser et al., 2001). We 
suggest that this lack of sufficiency for human CENP-A arises 
from the colonization of primate centromeres by a single alpha 
satellite repeat unit, which might have led to the evolution of a 
supplementary mechanism of satellite targeting for centromere 
formation. In support of this possibility, we note that human 
artificial chromosomes require alpha satellite arrays with bind-
ing sites for the centromeric DNA-binding protein CENP-B 
(Harrington et al., 1997). In contrast, fly centromeres lack single 
satellite arrays (Sun et al., 2003) and thus may have evolved 
“purely” epigenetic centromeres. Understanding how CenH3 
nucleosomes are assembled into centromeric nucleosomes at 
the same region in a chromosome every cell cycle becomes a 
key question in understanding the mechanistic basis for cen-
tromere inheritance.
Since the discovery of CENP-A (Earnshaw and Rothfield, 
1985) and the demonstration that it is a variant of histone H3 
(Palmer et al., 1991), much progress has been made in identify-
ing CenH3 features and dynamics. In contrast to histone H3, 
which is essentially invariant between different species, CenH3 
proteins are remarkably diverse with many features that are 
distinct from canonical H3 proteins (Talbert et al., 2008). The 
differences between CenH3 and H3 have been exploited in 
domain-swap experiments (where regions of H3 are replaced 
by corresponding regions from CenH3 and vice versa) to iden-
tify sequences required for centromere localization (Black et 
al., 2004; Keith et al., 1999; Shelby et al., 1997; Vermaak et 
al., 2002). These studies have revealed that the highly distinct 
N-terminal tail of CenH3 is mostly dispensable for its correct 
localization. Instead, regions that are within the histone-fold 
domain are consistently required for centromere localization. 
Swap experiments between CenH3 proteins from related 
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localization to be around Loop 1 (Vermaak et al., 2002), which 
in many lineages is the most divergent region of the histone-
fold domain of the protein (Talbert et al., 2008). Although these 
swap and substitution studies imply that particular changes 
could abolish correct centromere localization, other studies 
have revealed a surprising promiscuity in CenH3 deposition. 
For example, CenH3 of budding yeast can correctly localize 
to human centromeres and is able to support normal human 
centromere function in the absence of CENP-A (Wieland 
et al., 2004), despite a high degree of divergence in protein 
sequence.
Insight into the basis for these varied observations comes 
from evidence that nucleosomes containing CenH3 are struc-
turally very different from canonical nucleosomes (Black 
et al., 2004; Conde e Silva et al., 2007; Dalal et al., 2007b; 
Furuyama and Henikoff, 2009). In Drosophila, a variety of 
biochemical and biophysical measurements have revealed 
that the native CenH3 nucleosome is a heterotypic tetramer 
(hemisome) that consists of one molecule each of CenH3, H4, 
H2A, and H2B and that wraps less DNA than conventional 
H3-containing octamers (Dalal et al., 2007b). Purified arrays 
of CenH3 hemisomes are separated by long linker regions 
and are resistant to folding into higher-
order structures. This finding has led 
to the idea that arrays of hemisomes 
could be constitutively “open” in terms 
of the chromatin structure, so as to be 
forced to the outside surface of the 
chromosome when it condenses during 
mitosis (Dalal et al., 2007a). Although it 
remains to be demonstrated that hemi-
somes are the general structural form 
of CenH3 nucleosomes, it is possible 
that the easy disassembly of CENP-A 
nucleosomes produced in vitro results 
from an inherently weak CenH3-CenH3 interface (Conde e 
Silva et al., 2007).
Other alternative forms have been proposed for CenH3 
nucleosomes. For instance, it has been suggested that 
(CenH3-H4)
2 tetramers lack H2A-H2B dimers in fungi (Mizugu-
chi et al., 2007; Williams et al., 2009) but not in animals (Foltz 
et al., 2006; Sullivan and Karpen, 2004). Additionally, in bud-
ding yeast, the non-histone protein Scm3 has been proposed 
to be a component of the centromeric nucleosome (Mizuguchi 
et al., 2007). However, an important caveat with these models 
is that they were not based on direct observation of the prop-
erties of native CenH3 nucleosome particles. Rather, they 
were based primarily on findings from chromatin immunopre-
cipitation after crosslinking and in vitro studies using meth-
odology developed to examine conventional nucleosomes. 
An alternative possibility suggested by sequence analysis of 
Scm3 from various fungi is that it functions as a protein chap-
erone or escort for preassembled CenH3/H4 subunits (Stoler 
et al., 2007). This proposal is strongly supported by the find-
ings that Scm3 acts as a chaperone in S. pombe (Pidoux et 
al., 2009) and that it shares homology with the human Hol-
liday junction recognition protein (HJURP) (Sanchez-Pulido 
Figure 2. Distinguishing CenH3 from 
 Canonical Histones
(A) Sequence features of CenH3 proteins distin-
guish them from canonical histone H3s. For in-
stance, whereas canonical histone H3 proteins 
from various eukaryotes are highly conserved, 
CenH3 proteins are highly divergent, especially 
in their N-terminal tail regions, which cannot be 
aligned across various taxa (different colors). A 
patch of residues corresponding to amino acids 
87–90 in canonical histones allow for discrimi-
nation between H3 and the variant histone H3.3 
for various nucleosome deposition pathways. At 
least two of these four residues are also different 
in alignments of CenH3s and canonical H3 protein 
sequences (note that fungi and red algae only have 
the H3.3 variant histone and lack canonical H3).
(B) The timing during the cell cycle of CenH3 de-
position into DNA (red arrow) also distinguishes 
it from canonical H3-containing nucleosomes, 
which are deposited exclusively during S phase in 
plant and animal cells. However, when the canoni-
cal nucleosome is missing in certain fungi such 
as the fission yeast Schizosaccharomyces pombe 
and red algae, CenH3 deposition can occur in S 
phase.1070 Cell 138, September 18, 2009 ©2009 Elsevier Inc.
et al., 2009), which associates with preassembled CENP-A/
H4 and is essential for CenH3 nucleosome assembly in vivo 
(Dunleavy et al., 2009; Foltz et al., 2009).
Another profound structural difference between CenH3 and 
H3 nucleosomes was revealed by DNA topology analysis. In 
contrast to canonical nucleosomes that induce negative super-
coils in DNA, both Drosophila CenH3 nucleosomes reconsti-
tuted in vitro and budding yeast CenH3 nucleosomes isolated 
from live cells induce positive supercoils in DNA (Furuyama 
and Henikoff, 2009). These results indicate that the DNA wraps 
around centromeric nucleosomes in a right-handed manner, the 
opposite of the left-handed wrap on canonical nucleosomes. 
Because an opposite wrap directionality implies that the inter-
action surfaces holding the octameric nucleosome together 
face away from one another in the CenH3 nucleosome, this 
finding argues strongly against octameric models for CenH3 
nucleosomes. It also provides independent support for hemi-
somes as the universal form of centromeric nucleosomes. Fur-
thermore, the fact that the centromeres of budding yeast have 
a right-handed topology even during mitosis argues against 
the alternative forms of centromeric nucleosomes that were 
proposed based on chromatin immunoprecipitation and in 
vitro studies. The mutual incompatibility of opposite direction-
alities in DNA wrapping can potentially provide a new mecha-
nism based on DNA topology for epigenetic inheritance, as the 
misincorporation of CenH3 on chromosome arms would result 
in topologically defective CenH3/H3 nucleosomes that would 
be targeted for proteolytic degradation (Collins et al., 2004; 
Moreno-Moreno et al., 2006). In contrast, the constitutively 
“open” chromatin structure of the centromere might permit the 
assembly of new CenH3 hemisomes in the gaps between pre-
existing nucleosome particles (Dalal et al., 2007a).
The assembly of nucleosomes is facilitated by histone chap-
erones that wrap acidic DNA around basic histone cores. Dis-
tinct histone chaperone complexes have been purified from 
soluble nuclear extracts. In human cells, the multisubunit CAF-1 
complex copurifies with the S-phase-specific H3.1 histone H3 
variant, whereas the multisubunit HirA complex copurifies with 
the H3.3 replacement histone H3 variant throughout the cell 
cycle (Tagami et al., 2004). CenH3 from Drosophila copurifies 
with a single histone chaperone protein called RbAp48, and 
in the presence of partner histones, RbAp48 can assemble 
both CenH3 and H3 into nucleosomes in vitro (Furuyama et al., 
2006). RbAp48 is a highly abundant nuclear protein that is also 
a stoichiometric component of the CAF1 and HirA nucleosome 
assembly complexes. This argues against a role for RbAp48 
as a centromere-specific targeting factor. Rather, exclusion of 
CenH3 from CAF-1 and HirA complexes might be sufficient to 
prevent its deposition by those histone chaperone complexes 
(Furuyama et al., 2006). In support of this possibility, we note 
that in every species examined, CenH3 differs at two or three 
of the three core residues (87, 88, and 90) that distinguish H3.3 
from H3 (Figure 2A). Thus, it appears that these residue posi-
tions might have evolved in diverse CenH3s to become incom-
patible with chaperone complexes for canonical histones 
(Talbert et al., 2008). Human CenH3 copurifies with HJURP, 
the histone chaperone nucleophosmin and, in one study, with 
RbAp48 (Dunleavy et al., 2009; Foltz et al., 2009). Like human RbAp48 (Hayashi et al., 2004), HJURP is essential for the incor-
poration of CenH3 into centromeres. The recent discovery 
that HJURP shares homology with Scm3 suggests a common 
mechanism for CenH3 nucleosome assembly in a wide variety 
of eukaryotes (Sanchez-Pulido et al., 2009).
CenH3 nucleosome assembly is unique in other respects. 
CenH3 proteins are like other ancient histone variants such 
as H3.3 and H2A.Z in that they are deposited into DNA inde-
pendently of replication (Malik and Henikoff, 2003b). Initial 
attempts to localize human CENP-A by expressing the gene 
from the S-phase-specific histone H3 promoter produced 
global mislocalization of the histone, whereas use of a consti-
tutive promoter led to efficient centromere targeting (Shelby et 
al., 1997). This observation suggested that CenH3s are actively 
prevented from being deposited during replication in mam-
malian cells. Later work determined that deposition of human 
CENP-A occurs primarily during the G1 phase of the cell cycle 
(Jansen et al., 2007). With sufficiently high temporal resolution, 
it appears that deposition begins even earlier during the cell 
cycle, initiating late in mitosis (Hemmerich et al., 2008). Avoid-
ance of deposition during DNA replication also appears to be 
the case for CenH3 in early Drosophila embryos, where CenH3 
deposits into DNA exclusively during anaphase of the 20 min 
S phase/M phase cell cycles, which lack the gap phases G1 
and G2 (Schuh et al., 2007). However, plant CenH3 deposits 
primarily during G2 (Lermontova et al., 2006). Thus, the deposi-
tion of CenH3 histones appears to avoid the replicative phase 
of the cell cycle in multicellular eukaryotes. In contrast, diverse 
single-cell eukaryotes, including red algae (Maruyama et al., 
2007), S. pombe (Takayama et al., 2008), and S. cerevisiae 
(Pearson et al., 2004), deposit CenH3 preferentially during rep-
lication (Figure 2B). Intriguingly, these organisms have only a 
single noncentromeric histone H3 that resembles H3.3 and is 
deposited during both replicative and nonreplicative phases 
of the cell cycle (Figure 2A). This suggests that the evolution-
ary retention of a specialized replication-coupled (canonical) 
H3 form may have led to the avoidance of CenH3 deposition 
during replication. The ciliated protozoan Tetrahymena ther-
mophilia also deposits CenH3 during replication, but only in 
the germline micronucleus (Cui and Gorovsky, 2006) where 
histone H3 has markedly diverged in protein sequence from 
both CenH3 and H3.3 (Malik and Henikoff, 2003b).
CenH3 nucleosomes are found in arrays that are interspersed 
with H3 (and/or H3.3)-containing nucleosomes (Blower et al., 
2002). These canonical nucleosome arrays display a highly 
unusual histone modification scheme (Sullivan and Karpen, 
2004) that distinguishes them from the surrounding hetero-
chromatic nucleosomes. The relative extent of regions con-
taining CenH3 or H3 is plastic (Sullivan and Karpen, 2004), 
and CenH3 domains can be expanded by increasing the abun-
dance of the protein (Lam et al., 2006). Interspersion of CenH3 
and H3 domains is also observed for human and rice centrom-
eres that lack DNA satellites but still lie in relatively gene-poor 
regions (Alonso et al., 2007; Marshall et al., 2008; Yan et al., 
2008). Although there are genes within the region spanned by 
rice CenH3, these fall almost entirely in between the CenH3 
domains, as though centromeric chromatin may have evolved 
de novo from intergenic regions (Yan et al., 2008). This obser-Cell 138, September 18, 2009 ©2009 Elsevier Inc. 1071
vation, taken together with the finding that primate centromeres 
emerged from gene deserts (Lomiento et al., 2008), suggests 
that transcriptional activity is anathema to centromere func-
tion, perhaps because of its potential interference with CenH3 
assembly or centromeric DNA topology.
Heterochromatin and Centromere Function
One of the most conspicuous characteristics of complex cen-
tromeres is that they are embedded in heterochromatin. Several 
distinctive features define classical heterochromatin, includ-
ing cytological condensation, late replication, transcriptional 
quiescence, lack of meiotic recombination, and a growing list 
of associated proteins and histone modifications. Substantial 
progress has been made in understanding how heterochroma-
tin is established and maintained, especially in S. pombe (Gre-
wal and Jia, 2007). Genetic studies have revealed that the pro-
teins needed for heterochromatin integrity are also essential 
to normal chromosome segregation (Ishii et al., 2008; Le et al., 
2004). Further evidence suggesting a link between heterochro-
matin and centromere function comes from studies of human 
neocentromeres, which acquire Heterochromatin-associated 
Protein 1 (HP1) (Amor et al., 2004a).
In S. pombe, components of the heterochromatin mainte-
nance machinery were shown to be critical for the loss and 
re-establishment of centromeric chromatin, although the 
centromeric chromatin is capable of self-propagation once 
it is established (Folco et al., 2008). As a situation where a 
centromere is lost and then re-established would rarely be 
encountered outside of a laboratory setting, this experiment 
shows that heterochromatin is not essential for normal cen-
tromere function in S. pombe. Other features of heterochro-
matin that are needed for proper chromosome segregation, 
such as the periodic arraying of nucleosomes (Dalal et al., 
2007a; Wallrath and Elgin, 1995) or the recruitment of cohesins 
(Bernard et al., 2001), might account for the presence of het-
erochromatin around most centromeres. Notably, the yeast 
Candida albicans has regional centromeres without hetero-
chromatin, and neocentromeres can be induced to form at 
multiple sequences with no evident common sequence 
motifs (Ketel et al., 2009). Therefore, epigenetic centromeres 
now include those that are embedded in heterochromatin (for 
example, those in plants and animals) and those that are not 
(those in C. albicans). The absence of meiosis in C. albicans is 
consistent with a primary role for heterochromatin in meiosis, 
as discussed below.
It has been proposed that heterochromatin serves to protect 
centromeres from the potentially deleterious effects of tran-
scription originating from euchromatin. However, more recent 
evidence argues against this notion. In native rice centromeres, 
CenH3-binding regions lie between chromosome domains 
with ordinary gene densities and not between domains of het-
erochromatin (Yan et al., 2008). Other observations suggest 
that the transcriptional quiescence characteristic of hetero-
chromatin is itself required for centromere competence. For 
example, a naturally occurring block of distal satellite repeats 
segregated on its own at anaphase when artificially released 
from the native centromere by FLP-mediated recombination, 
indicating centromere competence of otherwise ordinary het-1072 Cell 138, September 18, 2009 ©2009 Elsevier Inc.erochromatin (Platero et al., 1999). Similarly, transcriptionally 
quiescent subtelomeric regions in S. pombe were found to 
support centromere formation after the conditional deletion of 
a native centromere (Ishii et al., 2008). In humans, a chromo-
somal region devoid of genes that is syntenic with an extinct 
centromere is a site of repeated neocentromere formation 
(Cardone et al., 2007). These observations suggest that het-
erochromatin is permissive for centromeric chromatin assem-
bly, perhaps by facilitating expansion of CenH3 domains over 
flanking regions (Lam et al., 2006).
Despite the fact that centromeres are consistently located in 
regions of overall transcriptional quiescence, RNA transcripts 
might play important roles in centromere function. Centrom-
ere-specific retrotransposons are common in grasses. In 
maize, transcript fragments derived from these mobile genetic 
elements were found to be associated with CenH3 chromatin 
(Topp et al., 2004). Retrotransposon-derived transcripts may 
similarly function at centromeres in marsupials (Carone et al., 
2009). The role that these transcripts may play in centromere 
function is especially well elucidated in the case of a human 
neocentromere found to be associated with LINE1 retrotrans-
poson RNAs (Chueh et al., 2009). In this case, the RNAs were 
produced by transcription of a full-length LINE1 element within 
the neocentromere. Remarkably, knockdown of this RNA spe-
cies reduced mitotic stability of the neocentromere. These 
observations led the authors of the study to propose that rela-
tively long single-strand RNA transcripts help to target or main-
tain CenH3 nucleosome assembly at neocentromeres (Chueh 
et al., 2009), analogous to the role of the long noncoding RNA 
Xist in specifying the assembly of facultative X-heterochroma-
tin (Chow et al., 2007).
Other features of heterochromatin might indirectly facili-
tate centromere function. The cohesion of heterochromatin 
ensures that sister centromeres are oppositely oriented when 
they attach to the mitotic spindle. The highly regular phasing of 
nucleosomes that is characteristic of heterochromatin (Wall-
rath and Elgin, 1995) might be an adaptation for achieving the 
tight packaging of mitotic chromatin necessary at centrom-
eres to prevent improper chromosome attachments (Dalal et 
al., 2007a). Thus, the transcriptional quiescence associated 
with pericentric heterochromatin might be an indirect conse-
quence of the requirement for a stiff platform to support kine-
tochore assembly and function and to minimize twisting that 
could lead to incorrect spindle attachment and aneuploidy. 
The dominant lethality associated with most aneuploid chro-
mosome segregations might be sufficient to select against 
imperfect chromatin condensation and cohesion. Perhaps 
the presence of arrays of DNA repeats in pericentric hetero-
chromatin reflects this evolutionary constraint.
An even more profound role for heterochromatin in cen-
tromere function is manifested in meiosis. First, heterochro-
matin serves to protect centromeres from the potentially dev-
astating effects of crossing-over, which could interfere with 
centromere integrity and lead to inappropriate microtubule 
attachments. Second, heterochromatic proteins have been 
proposed to recruit centromeric cohesion proteins (Ber-
nard et al., 2001), which hold sister chromatid centromeres 
together during the first phase of meiosis (Meiosis I), and the 
Figure 3. Loss of Heterochromatin/RNAi in Fungi
When fungal species are placed on a phylogenetic tree (not drawn to scale), it is evident that the ancestral species they derive from have a full complement of 
heterochromatin and RNA interference (RNAi) components (as found in animals). However, some lineages such as Microsporidia and Candida albicans harbor 
a much reduced set of these proteins, whereas some members of the Saccharomycetaceae lineage that gave rise to budding yeasts such as Saccharomyces 
cerevisiae have lost the heterochromatin/RNAi machineries entirely (Aravind et al., 2000). The Saccharomycetaceae lineage is also unique in two other aspects. 
It has genetically defined point centromeres. It is also the only lineage known among fungi to harbor selfishly propagating 2-micron plasmids that hijack com-
ponents of the host segregation apparatus for their own transmission.protein shugoshin, which protects the cohesin proteins from 
premature degradation (Yamagishi et al., 2008). Both of these 
roles are essential for proper meiotic chromosome segrega-
tion in S. pombe.
We can argue that S. pombe serves as an attractive model 
for the “basal” configuration of the epigenetically defined 
eukaryotic centromere. Because epigenetic centromere prop-
agation relies on replenishing centromeric nucleosomes, it is 
expected that their sizes will be larger than those of geneti-
cally defined centromeres in S. cerevisiae, which have only a 
single centromeric nucleosome (Furuyama and Biggins, 2007). 
Centromeric DNA varies in size and sequence among the three 
chromosomes of S. pombe, but the central regions that are 
occupied by CenH3 nucleosomes are typically well defined 
by the presence of flanking heterochromatic repeats. These 
“central domains” recruit two to four microtubules to mediate 
chromosome segregation (Joglekar et al., 2008). Several of the 
centromere/kinetochore components found in S. pombe have 
almost identical functions in other eukaryotes. Thus, these 
features and components of the S. pombe centromere likely 
reflect the ancestral eukaryotic centromere that may be found 
not only in most fungi but also in most of the earliest branches 
of the eukaryotic phylogenetic tree.
Two dramatic types of evolutionary transitions have per-
turbed this basal evolutionary state—one leading to a decrease 
in centromere size and complexity, and the other leading to an 
increase. Understanding the evolutionary basis for these tran-
sitions and their functional consequences are essential for a 
broader understanding of centromere complexity.The Puzzling Transition to Point Centromeres
The transition from epigenetically defined centromeres in fungi 
such as S. pombe to genetically defined “point” centromeres 
in budding yeast is particularly noteworthy as one of the most 
dramatic evolutionary transitions in centromere evolution. 
How could such a switch have occurred? A clue comes from 
phylogenomic analysis of centromeric (and heterochromatin) 
proteins that arose concomitantly with the switch to point cen-
tromeres (Figure 3). It has been noted previously that the bud-
ding yeast fungal lineage has undergone a dramatic loss of the 
entire protein machinery for pericentric heterochromatin and 
RNA interference (RNAi) (Aravind et al., 2000). Indeed, this can 
be illustrated by a comparison of RNAi and heterochromatin 
genes and putative orthologs in various fungal species (Figure 
3), including the basally branching species Cryptococcus neo-
formans, Neurospora crassa, and S. pombe, the intermediate 
branching species Candida albicans, and the more recently 
branching species S. cerevisiae and Kluyveromyces lactis.
From this comparison, C. albicans appears to be an inter-
mediate species—it has lost heterochromatin and RNAi pro-
tein machineries, only retaining Ago1-like proteins. Further-
more, it is intermediate both in terms of phylogenetic position 
as well as centromere complexity (Sanyal et al., 2004). A 
comparison of CenH3-enriched sites between closely related 
Candida species indicates that Candida centromeres are 
3–5 kb in length, have few flanking repeats, and are rapidly 
evolving (Padmanabhan et al., 2008), characteristics that are 
consistent with an epigenetic mode of inheritance (Baum et 
al., 2006; Ketel et al., 2009). Based on the role that hetero-Cell 138, September 18, 2009 ©2009 Elsevier Inc. 1073
chromatin proteins play in meiotic cohesion in related yeast 
species, it appears likely that this loss of heterochromatin and 
RNAi proteins has occurred because of the specific loss of 
canonical meiosis in C. albicans. Thus, C. albicans provides 
a unique system in which to investigate the epigenetic defini-
tion of mitotic centromeres without the confounding presence 
of heterochromatin and meiosis. Of particular interest is the 
question of how cohesins and shugoshin are still recruited to 
centromeres in C. albicans despite the absence of the hetero-
chromatin/RNAi proteins that are essential for this function in 
S. pombe.
An evolutionary counterpoint to the C. albicans centrom-
ere is provided by another diminutive kinetochore—that of the 
microsporidian Encephalitozoon cuniculi, which also appears 
to possess epigenetically defined centromeres (Katinka et 
al., 2001). Despite a vastly reduced genome and lacking vari-
ous RNAi components (Katinka et al., 2001), E. cuniculi still 
appears to have retained some components of the hetero-
chromatin machinery (Swi6, Clr4), presumably for their role 
in meiosis. This highlights the important 
role that heterochromatin plays in mei-
otic cohesion rather than strictly in the 
definition of centromeres. The intrigu-
ing centromeres in C. albicans and E. 
cuniculi thus represent distinct evolu-
tionary transition states between the 
centromeres found in S. pombe and S. 
cerevisiae. Importantly, all of these fungi 
possess CenH3 proteins, suggesting 
that the transition to genetically defined 
point centromeres did not relax the requirement to maintain 
these centromeric histones.
The coincidence of both gaining point centromeres and los-
ing heterochromatin/RNAi machinery in the Saccharomyceta-
ceae (budding yeasts) lineage that gave rise to S. cerevisiae 
and K. lactis raises an important question. How would a transi-
tion have occurred from an epigenetic centromere that relies 
on heterochromatin machinery for cohesion to a genetically 
defined centromere that obviates the requirement for these 
proteins? The deleterious effects associated with the loss of 
heterochromatin/RNAi machinery from the S. pombe centrom-
ere might strongly argue against the possibility of a stepwise 
loss of these proteins through evolution. However, the fact that 
C. albicans and E. cuniculi could lose some components of the 
heterochromatin/RNAi machinery but retain others suggests 
that such diminution of the machinery could have occurred in 
a stepwise fashion while maintaining the epigenetic identity of 
the centromere. This is further exemplified by the continued 
presence of some components of the RNAi machinery even in 
Figure 4. Point Centromeres in Budding 
Yeast
(A) A comparison of the organization of the cen-
tromere/kinetochore at CEN sequences of S. cer-
evisiae chromosomes and the STB (stability) locus 
of 2-micron plasmids in S. cerevisiae reveals a 
common architectural theme. Evolutionarily new 
DNA-adaptor proteins appear to play a critical 
role in recruiting the protein Cse4 and other ki-
netochore components to either the CEN or STB 
locus.
(B) We propose a hypothetical scheme for the 
transition from epigenetic centromeres, such as 
those found in fission yeast that require the func-
tion of heterochromatin and RNA interference 
(RNAi) proteins, to genetically defined point cen-
tromeres. We propose that evolutionarily ancient 
2-micron plasmids were selected for their ability 
to recruit host kinetochore/cohesion proteins to 
mediate their own transmission. Introduction of 
these 2-micron plasmids into yeast chromosomes 
provided an opportunity to replace the ancestral 
epigenetic centromeres in budding yeasts, thus 
relaxing selective pressure to maintain the het-
erochromatin/RNAi machinery. Under this model, 
the evolutionarily new DNA-adaptor proteins of 
the CBF3 complex represent evolutionary descen-
dants from ancestral versions of the 2-micron par-
titioning proteins Rep1 and Rep2. Rapid evolution 
of Rep1 and Rep2 has obscured any homology 
to CBF3 proteins that now evolve under stringent 
purifying selection to maintain the high fidelity of 
chromosome segregation.1074 Cell 138, September 18, 2009 ©2009 Elsevier Inc.
yeasts with genetically defined centromeres, such as K. lactis. 
Taken together, these observations suggest that the invention 
of a genetic point centromere must have taken place in the 
presence of machinery required to maintain an epigenetic cen-
tromere.
How could a switch have been made between the two modes 
of centromere definition in the same cell? We consider the pos-
sibility that the true invention of point centromeres was not one 
made by budding yeast chromosomes. Rather, it could have 
been an innovation born of the necessity for evolutionary sur-
vival by selfish genetic elements that rely heavily on chromo-
some segregation for their own transmission. We have encoun-
tered examples of such selfish elements before—bacterial 
plasmids that rely on equal partitioning using the equivalent of 
a mitotic centromere. Interestingly, the Saccharomycetaceae 
lineage is also unique among eukaryotes in its ability to harbor 
selfish nuclear plasmids that rely on partitioning mechanisms 
(or chromosome segregation) during mitosis and meiosis for 
evolutionary survival (Futcher, 1988). These plasmids are com-
monly referred to as 2-micron plasmids, and it is clear that 
their presence represents a selective burden to the host cell 
(Mead et al., 1986). Despite this burden, homologous 2-micron 
plasmids are present in divergent fungal lineages (Blaisonneau 
et al., 1997), all of which belong to Saccharomycetaceae. It is 
conceivable that the maternally biased asymmetric cell divi-
sions of budding yeast led to selection for a plasmid-encoded 
equipartitioning mechanism, which in turn would ultimately 
result in evolutionary stability (Scott-Drew et al., 2002).
Recent studies have shown that 2-micron plasmids actively 
hijack components of the chromosome segregation machinery, 
including cohesin and even some centromeric proteins (Ghosh 
et al., 2007; Hajra et al., 2006). These plasmids use two plasmid-
encoded proteins, Rep1 and Rep2, to bind the cis-acting STB 
(stability) centromeric locus on the plasmid and to interact with 
components of the S. cerevisiae chromosome segregation and 
cohesion machinery (Hajra et al., 2006). In several respects, 
yeast chromosomal centromeres use a very similar segrega-
tion mechanism to 2-micron plasmids in which DNA-binding 
proteins associate with centromeric DNA elements (CEN) and 
either recruit or stabilize centromeric proteins. These proteins 
then serve to assemble the kinetochore and mediate accurate 
chromosome segregation (Espelin et al., 2003; Weber et al., 
2004). Thus, the ultimate question of how point centromeres 
were established comes down to the evolutionary origins of 
CEN DNA elements and especially of the CEN DNA-binding 
proteins. Several components of the essential CBF3 protein 
complex, which binds to the conserved CDEIII elements in 
CEN DNA, are exclusive to Saccharomycetaceae (Meraldi et 
al., 2006). For example, Ndc10 and Ctf13 (components of the 
CBF3 complex) are not found in Candida albicans, S. pombe, 
N. crassa, or E. cuniculi (Figure 4), all lineages defined by epi-
genetic centromeres. These CBF3 proteins have no homologs 
in other fungi or any other organisms. Could they represent 
descendants of ancestral plasmid-encoded DNA-binding pro-
teins (Rep1 or Rep2)? Any possible homology of CBF3 proteins 
to plasmid-encoded proteins may have been obscured by 
rapid evolution. Indeed, Rep2 proteins from different 2-micron 
plasmids appear to have evolved so rapidly that they cannot be deemed homologous to each other at the sequence level 
(H.S.M., unpublished data). Despite these dramatic innovations 
seen in DNA-adaptor proteins at the centromere, the majority 
of the remaining kinetochore machinery is highly conserved in 
fungi (Meraldi et al., 2006) and even among metazoans.
Thus, like 2-micron plasmids, S. cerevisiae centromeres rely 
on highly unusual DNA-adaptor proteins to recruit conserved 
centromeric and kinetochore proteins, possibly including 
cohesin and shugoshin. Although these DNA-adaptor proteins 
are now essential in S. cerevisiae for chromosome segrega-
tion, their evolutionary origins are unknown. We speculate that 
the DNA-adaptor proteins and the CEN sequences they bind 
to represent an ancestral 2-micron-like partitioning system that 
was subsequently “domesticated” in budding yeasts for use in 
bona fide centromeres. In this scenario, 2-micron-like partition-
ing plasmids that lack the means to segregate (unlike bacterial 
plasmids that encode a cytoskeletal component) would have 
been under intense selection to forge contacts with the existing 
chromosome segregation and cohesion machineries. Because 
the 2-micron plasmids are not beneficial to the host yeast cell, 
selection for plasmid-encoded DNA elements and proteins 
that interact with the host segregation machinery would have 
been highly efficient. It is conceivable that these two systems 
existed simultaneously: epigenetically defined yeast chromo-
somal centromeres and genetically defined  2-micron partition-
ing elements. Integration of partitioning elements into a host 
chromosome would have introduced genetic centromeres. If 
these neocentromeres were adopted by ancestral Saccharo-
mycetaceae chromosomes, there would have been stringent 
selective pressure to maintain those protein components that 
were previously only essential for the transmission of plasmid 
centromeres. By this model, these newly essential members 
of the partitioning machinery (for example, the CBF3 protein 
complex) would be functionally equivalent to and evolution-
arily derived from ancestral versions of the Rep1 and Rep2 
proteins currently seen in extant 2-micron plasmids. As epige-
netic centromeres were replaced by genetic centromeres, with 
higher fidelity in chromosome segregation due to selection, the 
selective pressure to maintain the now unnecessary hetero-
chromatin/RNAi machinery would have been relaxed. Given 
the simplicity of 2-micron plasmids and their size, it would not 
be surprising if the “new” DNA-adaptor proteins at yeast cen-
tromeres also had served to recruit cohesin and shugoshin, 
reflecting the fact that this function is carried out by the same 
proteins encoded by 2-micron plasmids (Ghosh et al., 2007). 
In this way, budding yeast centromeres would have simultane-
ously adopted both the plasmid partitioning elements and their 
means of mediating cohesion. This scenario also predicts that 
the (as yet unknown) means by which C. albicans centromeres 
recruit cohesins and shugoshin are likely to be different from 
those in S. cerevisiae and S. pombe.
This hypothesis for the evolution of point centromeres offers 
considerable explanatory power. First, it resolves the tricky 
conundrum of how to select for a genetic centromere while 
still maintaining ancestral epigenetic centromeres. Under the 
scenario we propose, the selection would have been on the 
plasmid rather than on the chromosome. Second, it provides 
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define centromeres from CenH3-based epigenetic inheritance 
(in C. albicans and S. pombe) to a genetic means of defin-
ing centromeres (in S. cerevisiae) involving the recruitment 
of CenH3 via protein-protein interactions with CBF3 complex 
DNA-binding proteins. Third, and perhaps most importantly, 
our hypothesis provides a cogent explanation for how the oth-
erwise highly conserved heterochromatin/RNAi machinery 
could have been lost in an entire lineage of yeasts, with cohe-
sion function being transferred to other proteins (Weber et al., 
2004). An earlier hypothesis had argued that the loss of the 
RNAi machinery was driven primarily by its role in controlling 
mobile elements (Aravind et al., 2000). We suggest in addition 
to this that the function of chromosome cohesion in ensuring 
chromosome segregation was the key event that drove the loss 
of heterochromatin. This would further argue that chromosome 
cohesion represents a selective force at least as important as 
host defense against parasitic genetic elements.
Runaway Centromere Expansions
Moving in the opposite direction from the basal centromere 
configuration represented by S. pombe, we encounter the 
large (usually megabase size) DNA satellite-rich centromeric 
regions of most plants and animals. Painstaking attempts 
at reconstructing the edges of heterochromatin-centromere 
boundaries and centromeric domains (Schueler et al., 2001; 
Sun et al., 2003; Yan et al., 2008) have provided several insights 
into centromere evolution. These studies are frequently com-
plicated by the fact that surrounding pericentric heterochro-
matin is also repetitive, often consisting of satellite elements 
that are evolutionary relics of ancestral centromeres, which 
have slowly accreted to the edges of the functional satellite 
array. This was first apparent in the assembly of the centrom-
ere of the human X chromosome (Schueler et al., 2001), which 
has a highly homogeneous region of α-satellite repeats at 
its core. This centromeric core is flanked by satellite repeats 
with a gradient of increasing heterogeneity (accumulated 
mutations) and transposon insertions with increasing physi-
cal distance away from the core. Analysis of mutations and 
insertions in the flanking region showed that the α-satellite 
in the extant X centromere is evolutionarily young and prob-
ably arose only in the great apes (Schueler et al., 2001). 
These studies can be likened to looking at the “flotsam on the 
beach” (the edges of centromeres) to decipher what the mid-
dle of the ocean (the homogeneous centromeric satellites in 
the middle of the array) looks like. Nevertheless, these snap-
shots of centromere evolution have revealed that satellite-rich 
centromeres are constantly shaped by opposing forces—that 
of recombination, which homogenize satellite repeats in the 
middle of the array, and that of mutation or transposable ele-
ment insertion, which disrupt the homogeneity (Metcalfe et 
al., 2007; Schueler et al., 2001; Sun et al., 2003). It is quite 
likely that negative selection against alterations to the satel-
lite repeat sequence maintains the homogeneous core of the 
satellite array, a minimum length of which may be required for 
optimal mitotic and meiotic function.
However, not only are the sizes of centromeric satellites 
labile, but their sequences also evolve rapidly. Indeed, even 
the core centromeric satellites from different species are more 1076 Cell 138, September 18, 2009 ©2009 Elsevier Inc.divergent from one another than the pericentric units (Rudd 
et al., 2006), despite the lack of any a priori expectations that 
satellite repeats should evolve faster than nonrepetitive DNA in 
the absence of selection (Malik, 2009). Nevertheless, mutation 
rates can be different for centromeric regions in comparison to 
noncentromeric regions. Recent studies in both Saccharomy-
ces and Candida indicated that mutation rates are increased 
at CEN sequences relative to those in the rest of the genome 
(Bensasson et al., 2008; Padmanabhan et al., 2008).
CEN sequences in Saccharomyces that are rapidly diverging 
between species are also highly polymorphic within species, 
implying that it is mutation and not selection that drives yeast 
centromere evolution (Bensasson et al., 2008). In contrast, 
plant and animal centromeric satellite units that are most con-
strained within a species have evolved most rapidly between 
species. This leads to the idea that some selective force must 
actively drive the rapid fixation of mutations at centromeric sat-
ellites by imposing a bias in favor of retaining mutations, rather 
than simply increasing mutation rates (as in budding yeasts). 
Rapid evolution of centromeric satellites is seen in primate and 
plant centromeres (Lee et al., 2005; Rudd et al., 2006).
Intriguingly, examination of essential centromeric proteins 
(including CenH3 proteins in Drosophila and the model plant 
Arabidopsis thaliana) revealed that even these proteins have 
evolved under positive selection, in contrast to the expectations 
that these essential proteins should have been subject to a high 
degree of selective constraint. This is referred to as the cen-
tromere paradox (Henikoff et al., 2001)—how do we reconcile 
the conserved function of centromeres with the rapid evolution 
of centromeric DNA and essential centromeric proteins? We 
have proposed previously that genetic conflicts during female 
meiosis drive the rapid evolution of both centromeric proteins 
and DNA (Henikoff et al., 2001; Malik and Henikoff, 2003a). This 
is because the evolutionary destiny of female meiotic products 
is tied to the orientation of the Meiosis I tetrad of meiotic prod-
ucts. Meiosis differs profoundly between the sexes because 
the four products of male meiosis are equally likely to fertil-
ize the egg, whereas only one of the four products of female 
meiosis is retained as the egg nucleus. Meiotic products—im-
mature ova (ootids)—that adopt a preferred position at Meiosis 
I are destined for retention in the egg (or megaspore in plants), 
whereas those that do not are destined for evolutionary extinc-
tion (Figure 5B). Chromosomes that exploit female meiosis in 
this manner increase their proportion in the population due to 
this “meiotic drive.” This means that chromosome segregation 
is inherently biased through female meiosis. In the absence of 
any bias, chromosome segregation would resemble Mendelian 
inheritance. However, many “selfish” genetic entities, such as 
supernumary (B) chromosomes and maize heterochromatic 
“knobs” have adopted means to bias retention during cell divi-
sion in their own favor, a process that frequently involves bind-
ing to microtubules to move the chromosomes harboring these 
entities toward the “preferred” position. We have argued that 
centromeres also manifest the same bias. Under this model 
of centromere drive, the expansion of an existing centromeric 
satellite (by recombination) or a new satellite array could create 
a centromere that recruits more kinetochore proteins and bet-
ter attracts microtubules (Figure 5A). If increased microtubule 
Figure 5. Evolution of Plant and Animal Centromeres
(A) In the expanded centromeres of plants and animals, centromere drive can account for the rapid evolution of both centromeric satellite DNA repeats as well 
as centromeric and heterochromatin proteins (Henikoff et al., 2001). Under this model, recombination or mutation will either induce an expansion of pre-existing 
satellite DNA or introduce a new satellite element, thereby improving the ability of the DNA region to recruit centromeric proteins and thus its competitive advan-
tage during asymmetric female meiosis for inclusion in the egg. However, the deleterious effects associated with this drive for preservation during female meio-
sis will result in opposing selective pressure for the suppression of these genomic alterations. Suppressors can arise as mutations in either centromeric proteins 
or heterochromatin proteins (Lam et al., 2006) or any process that is able to affect the recruitment of CenH3 and thereby the strength of the centromere. Rapid 
cycles of centromere drive and suppression will result in rapid evolution of both the satellite DNA as well as the proteins that influence centromere strength. 
(B) Genetic conflict occurs during female meiosis in the megasporocyte of plants when homologous chromosomes containing two types of centromeres that 
differ in “centromeric strength” orient on the meiotic spindle and attract different numbers of microtubules to the kinetochore. During Meiosis I (reductional 
division), centromeres between sister chromatids do not separate and recombination between at least one member of each homologous pair of chromosomes 
opposes the forces exerted onto the centromeres by the spindle. The stronger centromere (red) exploits the asymmetry in spindle strengths to orient toward 
the basal position (left edge of the megasporocyte). Only the basal member of the meiotic chromatid tetrad in the megaspore is successfully retained while the 
other three are destroyed. Better positioning of a chromosome at Meiosis I is sufficient to influence the meiotic success of the centromere. Meiosis II (which 
is analogous to mitosis) has no influence on the success of centromeric regions as a preferred position has already been achieved prior to this stage. Similar 
asymmetry in female meiosis in animals (not shown) leads to the retention of only one ootid and the elimination of the other three as polar bodies. The mecha-
nism that underlies this spindle asymmetry is not fully elucidated cytologically except in a few cases (Hewitt, 1976). In theory, both centromere proteins as well 
as chromosomal passenger proteins and motor proteins can bias which of the meiotic centromeres at Meiosis I attains either the basal position (in plants) or 
the innermost position relative to the cortex (in animals) to ensure its retention.binding to this region confers an advantage in female meiosis 
to this centromere expansion, then the expanded centromere 
would likely sweep through the population. A number of nega-
tive effects might be associated with fixation within a popula-
tion of a “selfish” centromere, including the retention of linked 
deleterious mutations. Even more pronounced deleterious 
effects would be seen for sex chromosomes. For instance, in 
the case of ZW heterogametic systems of sex determination 
found in birds and lepidopterans, competition between the sex 
chromosomes for inclusion in the egg would lead to skewed 
sex ratios and threaten the population. In the case of the XY 
sex determination systems (for example, in mammals and 
flies), competition between the X chromosomes would lead 
to the emergence of “strong” X centromeres through selec-
tive advantage. However, during XY meiosis, which relies on 
symmetry, competition between sex chromosomes would lead 
to greater nondisjunction and, in extreme instances, sterility due to recurrent meiotic checkpoint-induced apoptosis (Eaker 
et al., 2001; McKee et al., 1998). Human Robertsonian fusions 
(where two acrocentric chromosomes fuse with their centrom-
eres near one end to form a metacentric chromosome) are dra-
matic examples of strong centromeres that are preferentially 
transmitted through female meiosis (Pardo-Manuel de Vil-
lena and Sapienza, 2001b). However, meiotic drive can cause 
mismatches in centromere strength between different chro-
mosome homologs during male meiosis. These mismatched 
centromeres could result in male sterility, consistent with the 
predictions of the centromere-drive model (Daniel, 2002).
A second dramatic example of centromere drive has been 
recently described in monkeyflowers, where a strong female 
meiotic drive with profound consequences on male fertility 
has been unambiguously linked to a locus containing centro-
meric satellites (Fishman and Saunders, 2008). To negate this 
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effects, we have proposed that centromeric or heterochroma-
tin proteins evolve rapidly in order to suppress the bias and so 
restore meiotic parity (Figure 5A). Thus, the centromere-drive 
and suppression model can explain both the rapid changes 
in centromeric satellite DNA as well as the rapid evolution of 
essential centromeric and heterochromatin proteins. Asym-
metry in female meiosis may therefore lie at the heart of cen-
tromere complexity, much like the ornate but costly displays by 
male birds that are the results of sexual selection.
If DNA sequence does not matter for the epigenetic inheri-
tance of centromeres, why would changes in DNA sequence 
have any consequences? DNA sequence actually does matter 
over evolutionary time because satellite DNAs are always vying 
for the binding of centromeric proteins. The evolution of cen-
tromeric proteins ensures that no single DNA sequence is able 
to over-recruit centromere proteins and subvert the process 
of female meiosis. Thus, centromeres are always dynamically 
shuttling between states (Figure 5A), from DNA sequences able 
to subvert meiosis (genetic centromeres) to the restoration of 
meiotic parity through the evolution of centromeric proteins 
(epigenetic centromeres) (Dawe and Henikoff, 2006). Thus, 
the process of asymmetric female meiosis has provided the 
impetus for plant and animal centromeres to greatly increase 
in size from the pre-conflict state, as exemplified by S. pombe 
centromeres that only engage in symmetric meioses.
Asymmetric female meiosis poses a cytoskeletal challenge 
in that female meiosis is mediated by a microtubular spindle 
that lacks centrosomes (in this respect, male meiosis is more 
similar to mitosis). In mammalian oocytes, this acentriolar 
spindle self-organizes into a bipolar intermediate that is fully 
capable of establishing chromosome biorientation (Schuh and 
Ellenberg, 2007). This self-organization is heavily dependent 
on both kinesin-like proteins and chromosomal passenger 
proteins that facilitate the correct orientation of and stabilize 
interactions between meiotic chromosomes (Colombie et al., 
2008; Jang et al., 2007). Together, these functions appear to 
compensate for the lack of centrosomes. Several recent lines 
of evidence point to the important role that centromeres play 
in female meiosis and its asymmetry (Brar and Amon, 2008). 
Indeed, the female meiotic spindle undergoes a 90° rotation 
to achieve a perpendicular axis to the cortex (from an initial 
parallel position) in most metazoans. In mice, this dramatic 
repositioning appears to require the action of both a highly 
dynamic actin network as well as myosin (Schuh and Ellen-
berg, 2008). In Drosophila oocytes, the kinesin-13 motor pro-
tein Klp10A acts to stabilize and lengthen spindles in female 
meiosis and plays a key role in this repositioning (Zou et al., 
2008).
Asymmetry of the spindle is key to defining the preferred 
(basal) position of chromosomes during Meiosis I in both plants 
and animals (Figure 5B). These observations suggest that one 
means by which centromere drive could be suppressed is by 
flipping the direction of the meiotic spindle. Indeed, whereas 
Robertsonian translocations are favored in meiosis in human 
cells, they are disfavored in mouse meiosis. This switch in pref-
erence has occurred multiple times during the course of mam-
malian evolution, implying that the chromosomal type that is 
preferentially transmitted through female meiosis is itself quite 1078 Cell 138, September 18, 2009 ©2009 Elsevier Inc.labile. This flexibility in the preference provides a compel-
ling mechanism to account for puzzling features of karyotype 
evolution in which mammalian chromosomes are either pref-
erentially metacentric or acrocentric with a distinct dearth of 
“mixed” karyotypes (Pardo-Manuel de Villena and Sapienza, 
2001a). The ability for homologous centromeres to compete is 
likely due to their capacity for exploiting the asymmetry of the 
female meiotic spindle, changes in which can completely alter 
the “winning” position for chromosomes during female Meiosis 
I. If this is another means to suppress centromere drive, one 
might expect to see the same features of adaptation in com-
ponents of the acentrosomal spindle positioning apparatus 
as have been observed in centromeric and heterochromatin 
proteins (Figure 5A). Preliminary surveys of polymorphism and 
divergence in Drosophila species suggest that this is indeed 
likely to be the case (Anderson et al., 2009).
Intriguingly, this dramatic repositioning and consequent 
asymmetry of meiosis arose several times in evolution. Plants 
and animals independently evolved asymmetric female meio-
sis, as did ciliated protozoans like Tetrahymena thermophila, 
which completely lacks symmetric (male) meiosis (Cervantes et 
al., 2006; Cui and Gorovsky, 2006). Why would such a destruc-
tive process in which three meiotic products out of four are 
sacrificed arise during the course of evolution multiple times? 
It is conceivable that a 4-fold resource allocation to just one 
meiotic product constitutes a selective advantage. However, if 
that were the case, why has the strategy not been adopted by 
the evolutionary lineages that still carry out symmetric meio-
sis? Furthermore, it is unclear why organisms would leave 
themselves vulnerable to exploitation by selfish entities such 
as knobs and B chromosomes, both of which exploit female 
meiotic asymmetries to thrive. We favor the possibility that 
each evolutionary origin of asymmetric female meiosis is itself 
a relic of an ancient selfish strategy in which genes were able to 
increase their own odds of transmission by killing other prod-
ucts of the same meiosis. Biology is replete with such exam-
ples of blatant fratricide (Burt and Trivers, 2006), and faced 
with such a strategy, host genomes would have evolved to gain 
genetic control over the process no matter what the ensuing 
fitness costs might have been.
Another adaptation to counter centromere drive might 
have been the development of holocentricity, in which the 
entire length of the chromosome functions as a centromere 
in assembling a kinetochore (Talbert et al., 2008). Diverse 
eukaryotes, including nematodes such as Caenorhabditis 
elegans, multiple lineages of insects, arachnids, plants, and 
ciliates, have adopted this centromere configuration. Holocen-
tricity (which arose from monocentric ancestors subjected to 
female meiosis) might have been an adaptation to suppress 
centromere drive by preventing the accumulation of a contigu-
ous block of centromeric satellites. Holocentricity is charac-
terized by the chromosome-wide interspersion of centromere 
determinants with genes. This hallmark of holocentricity might 
have evolved from events similar to those that gave rise to 
human neocentromeres and rice native centromeres, where 
CenH3 arrays are found to be intergenic (Alonso et al., 2007; 
Yan et al., 2008). Yet, holocentricity poses serious challenges 
to mitotic and meiotic chromosome biorientation and segre-
gation that had to be overcome for the establishment of this 
unusual chromosome configuration. Indeed, holocentricity has 
required the invention of different lineage-specific means of 
guarding against attachment of single centromeres to micro-
tubules emanating from both poles in both mitosis and meiosis 
(Wignall and Villeneuve, 2009), and to accommodate the pres-
ence of crossovers between homologs that distinguish Meiosis 
I from Meiosis II (Talbert et al., 2008). Despite holocentricity, 
the nematode Parascaris univalens has accumulated large 
amounts of satellite DNA repeats at its chromosomal ends in 
germline cells. These telomeric satellite repeats appear to act 
as the centromere in Meiosis I but are eliminated en masse by 
a process of chromatin diminution in somatic tissues (Pimp-
inelli and Goday, 1989). This suggests that Parascaris species 
protect holocentric somatic chromosomes from the accumula-
tions of satellite repeats that have usurped centromere func-
tion during meiosis.
As evident from the recent findings in monkeyflowers (Fish-
man and Saunders, 2008), centromere drive can cause pow-
erful segregation distortion but still be difficult to detect in 
natural populations because it alone does not reduce fertility. 
In hybrids, the rapid changes associated with both DNA and 
protein components of the chromosome segregation appara-
tus increase the possibility of an incompatibility between the 
centromeric components of recently diverged species, which 
could cause hybrid sterility and inviability (Henikoff et al., 2001; 
Malik and Henikoff, 2003a). In this regard, it is worth noting 
that crosses between D. melanogaster and D. simulans, which 
diverged from one another about 2.5 million years ago, result 
in hybrid inviability. In one direction of the cross (Brideau et 
al., 2006), hybrid inviability is caused by allelic mismatches 
in the Lethal hybrid rescue gene (which encodes a positively 
selected heterochromatin protein). In the reverse direction of 
the cross, hybrid inviability is caused by a recently prolifer-
ated pericentric satellite repeat called Zygotic hybrid rescue, 
whose reduction in number can restore hybrid viability (Sawa-
mura and Yamamoto, 1993). Dramatic changes in centromere 
configurations are consistently seen in interspecies marsupial 
hybrids (Metcalfe et al., 2007). Given the paucity of examples 
whereby “speciation” genes have been identified (or mecha-
nistically described), this association with centromeric/het-
erochromatic function is highly suggestive of a causal role for 
centromeres in the reproductive isolation of incipient species. 
Thus, the runaway expansions, contractions, and proliferations 
of centromeric satellites that cause them to differ so dramati-
cally between species would underlie the hybrid sterility and 
inviability on which the concept of species is most commonly 
based.
Perspective
Genetic conflict is a familiar phenomenon to virologists and 
immunologists but would seem anathema to cell biologists 
whose studies have described elaborate macromolecular 
machines with highly conserved components that appear to 
have evolved for optimal efficiency. No cellular machine is more 
conserved in eukaryotic biology than the kinetochore, which 
must function without error on all chromosomes during every 
cell division to prevent aneuploidy and cell death. Yet genetic conflict at the interface between the conserved kinetochore 
machinery and centromeric DNA is rampant. In some cases, 
this conflict is driven by selfish elements that vie for dominance 
of the very machinery that can perpetuate them by segregat-
ing them faithfully to daughter cells (Burt and Trivers, 2006). 
We have proposed that the transition from regional to point 
centromeres originated from one such successful event of 
selfish elements establishing dominance in the budding yeast 
lineage. Whereas species such as S. pombe have intermediate 
centromeres that may not have been born from this conflict, 
we expect that less well-studied eukaryotic lineages with small 
centromeres, such as trypanosomes, have undergone similar 
conflict-related transitions as budding yeasts.
Perhaps the most surprising examples of genetic conflict in 
cell biology are those between centromeres themselves. As 
maternal and paternal centromeres vie for position on the spin-
dle during female Meiosis I, centromeres are subjected to the 
most powerful Darwinian selection process possible—win or 
lose with no in-between. The rapidness with which such a pro-
cess can homogenize the centromeres of a species, and the 
potential for the propagation of intrinsic or linked deleterious 
effects, has led to the evolution of mechanisms for restoring 
parity between competing centromeres. What might appear 
to the cell biologist to be stable macromolecular machinery 
may look more like a war zone to the evolutionary biologist. As 
the host genome continually attempts to mediate between the 
two warring parties, it evolves new lineage-specific strategies, 
including rapid changes in DNA satellites and the invention of 
new lineage-specific centromeric proteins. Of course, the most 
extreme strategy would be to eliminate the conflict entirely. The 
transition from epigenetically defined centromeres to geneti-
cally defined centromeres by the acquisition of plasmid segre-
gation machinery may represent just one such extreme solu-
tion to a seemingly intractable problem for the genome.
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